The most suitable tissue samples and test procedures for the etiologic diagnosis of porcine reproductive and respiratory syndrome (PRRS) were found to depend on several variables including the age of the pig from which tissues were collected, the stage of infection (acute or persistent), the available complement of diagnostic reagents, and the urgency in obtaining results. When the diagnosis involved acute infection of congenitally or neonatally infected pigs, and susceptible cell culture(s) was available for virus isolation, then both serum and alveolar macrophages (AM) were reliable samples. Alveolar macrophages flushed from infected lungs provided a temporal advantage, however, in that in addition to their use for virus isolation, i.e., from a lysate of AM, they could be cultured in vitro and examined for the presence of viral antigens by immunofluorescence microscopy (FA) as early as 1 hour after they were added to the culture vessel. The examination of AM in this manner also circumvented the need for additional cell cultures to test for infectious virus. Testing presuckhng sera by indirect FA for antibodies to PRRS virus also was of diagnostic value and, like FA with AM, could be completed soon after sample collection. For older pigs, AM were more reliable than serum, lungs, or any of 27 other tissues evaluated as diagnostic samples and were often the only samples in which infectious virus and viral antigens were detected when pigs were euthanized more than 3 weeks postexposure. A simple procedure for on-farm collection of AM as well as methods for testing AM for viral antigens and neonatal (presuckling) sera for homologous antibody in a modestly equipped laboratory, such as one that might be maintained by a veterinary practitioner, are described and discussed.
Porcine reproductive and respiratory syndrome (PRRS) is a new disease of swine that was first recognized as a specific clinical entity in the United States in 1987. 9 Since then, it has been identified (clinically, serologically, or both) throughout all of the major swine production areas of the midwestern United States and in Canada, the United Kingdom, Europe, Southeast Asia, Malta, and Cyprus. 14 The rapid spread of PRRS in less than a decade after its initial recognition suggests that it may soon have worldwide distribution.
Beginning with the first reported case in 1987, veterinarians suspected that PRRS was caused by an infectious agent. 9 However, the cause was not identified with certainty until 1991 when scientists at the Central Veterinary Institute in Lelystad, The Netherlands, reported that they had reproduced the syndrome with a virus they had isolated from a suspected field case. 20 Shortly thereafter, scientists in the United States reported a similar finding. 4, 5 Although the Dutch 23 and American isolates were named Lelystad virus and swine infertility and respiratory virus, respectively, there is no evidence that they are any more than different strains of the same virus. Therefore, they and numerous more recent isolates are now usually referred to as strains or isolates of PRRS virus (PRRSV).
A tentative diagnosis of PRRS can be made on the basis of its most common clinical features, namely, maternal reproductive failure (presented primarily as early farrowing or late-term abortion, late-term fetal death, stillborn pigs, and weak and unthrifty neonatal pigs) and a flu-like respiratory tract illness that can affect swine of any age but is usually more severe in young pigs. 8 However, a definitive diagnosis requires in vitro isolation and serologic identification, e.g., by immunofluorescence microscopy (FA), of the causative virus. 21 Although the procedures for isolating and identifying PRRSV are conceptually straightforward, they are sometimes thwarted by antigenic variation among strains and by the limited number of cell types in which PRRSV can be propagated in vitro. Because all strains tested to date have 1 or more common epitopes, it appears that the issue of antigenic variation can be overcome by the use of either monoclonal antibodies of appropriate specificity 15 or polyclonal antisera of sufficient potency to recognize the shared epitopes. 22 Conversely, the difficulty of isolating and propagating PRRSV in vitro is a problem that has yet to be solved. At this time, only the established cell lines, CL 2621 4,5 and MARC-145, 10 and porcine alveolar macrophages (AM) are known to be susceptible to the virus, and apparently none of these are susceptible to all strains. 1 The problem is potentially compounded by the fact that although serum and lungs are generally believed to be the most suitable tissues from which to isolate PRRSV, there is no clear evidence that these tissues are always the best choice.
In the series of experiments reported on here, we investigated ways by which the etiologic diagnosis of PRRS might be best accomplished. Serum, lungs, AM, and a variety of other tissues were tested for their relative value as samples from which to isolate PRRSV during acute and persistent infection of pigs initially exposed to the virus either in utero or postnatally. We also compared the sensitivity of PRRSV isolation and identification in the MARC-145 cell line with its identification in AM collected directly from infected pigs and maintained in vitro.
Materials and methods

Experimental design
A series of 3 experiments was performed to investigate various aspects of PRRS diagnosis. Experiment 1. Blood and AM were collected from liveborn pigs of 5 gilts that had been exposed by intravenous injection (ear vein) to 10 ml of PRRSV containing 10 8 median cell culture infectious doses (CCID 50 ) of infectious virus per milliliter when they were at or about 90 days of gestation. Details relative to the clinical and serologic response of these gilts and a summarization of the incidence of transplacental and postnatal infection, clinical signs, and the serologic response of their piglets have been reported elsewhere. 13 For purposes of this report, the 5 gilts and their corresponding litters are numbered 1-5. Blood samples from pigs of litters 1 and 3-5 were taken for the first time shortly after birth (before they had suckled) and at various times thereafter. Those from pigs of litter 2 were taken when they were 2 days old. All sera were tested for PRRSV and homologous antibody. Pigs of litters 1 and 3 were euthanized when they were 5 days old, those of litter 2 were euthanized when they were 2 days old, and those of litters 4 and 5 were euthanized at various ages ranging from 2 to 105 days. At necropsy, AM were collected by pulmonary lavage. Some of the AM were frozen and thawed, and the resulting lysate was tested for infectious PRRSV. Other AM were cultured in vitro and subsequently examined for PRRSV-induced cytopathic changes, for PRRSV antigen, and for infectious PRRSV.
Experiment 2. Blood and AM were collected from 11 pigs that were about 6 weeks old at the beginning of the experiment. Pigs 1-5 were exposed oronasally to 5 ml of PRRSV containing 10 7.5 CCID 50 infectious virus/ml. Pigs 6-10 were potentially exposed to PRRSV by pen contact with pigs 1-5 beginning about 2 hr after pigs 1-5 were exposed to the virus. Pig 11 was killed at the beginning of the experiment (day 0) as a nonexposed control. Blood samples were taken from all of the pigs just before pigs 1-5 were exposed to the virus. On postexposure days 2, 6, 13, 21, 28, 35, 42, and 49 , blood samples were taken from all of the remaining live pigs, and on days 2, 6, 13, 21, and 49, 1 pig that had been exposed to PRRSV by oronasal inoculation and 1 contact pig were euthanized. Sera and cultures of AM were examined as described for pigs of experiment 1.
Experiment 3. Blood, AM, mandibular lymph node, thymus, tonsil, thyroid, pulmonary lymph node, lung, heart, trachea, salivary gland, spleen, liver, inguinal lymph node, kidney, pancreas, adrenal gland, mesenteric lymph node, ileum, large intestine, bone marrow (femur), turbinate, olfactory bulb, cerebellum, brain stem, intercostal muscle, and sections of muscles associated with the loin, shoulder, and rump were collected from each of 24 pigs that were about 6 weeks old at the beginning of the experiment. Before collecting AM by pulmonary lavage, a section of lung subsequently used to prepare a 10% tissue suspension was isolated with a hemostat so that the number of AM contained therein would not be reduced by the lavage procedure. Blood samples were taken from all pigs just before exposure to PRRSV. Pigs 2-8 were exposed by oronasal inoculation to 2 ml of PRRSV strain VR-2332 containing 10 CID 50 /ml; pigs 10-16 were exposed similarly to PRRSV strain NADC-9; pigs 18-24 were exposed similarly to PRRSV strain Hesse; and pigs 1, 9, and 17 were euthanized as nonexposed controls just before the others were exposed to PRRSV. One pig exposed to each of the strains of PRRSV was euthanized on days 3, 7, 14, 22, 35, 49, and 70 . Blood was collected from all live pigs at each of these times, and AM and other tissues were collected shortly after each pig was euthanized. Sera was examined for PRRSV and homologous antibody, and AM were treated and tested as described in experiment 1. All other tissues were tested for infectious PRRSV.
Pigs
Pigs of experiments 1 and 2 farrowed in isolation at the National Animal Disease Center. Those of experiment 2 had been exposed to transmissible gastroenteritis virus when they were 3 days old. All had recovered and were clinically normal at the time they were used in this study. The pigs used in experiment 3 and the dams of pigs used in experiments 1 and 2 were purchased from commercial swine herds that were free of clinical and serologic evidence of infection with PRRSV. Throughout the study, all pigs were housed in isolation and treated by methods approved by the American Association for Accreditation of Laboratory Animal Care.
Established cell lines
Samples from pigs of experiments 1 and 2 were initially tested for infectious PRRSV and homologous antibody in the CL 2621 a cell line. Additional aliquots of these samples (which had been stored at -70 C) and all samples from pigs of experiment 3 were tested in the MARC-145 a cell line when it subsequently became available. Because these lines appeared to have equal susceptibility to PRRSV, further reference is made only to the MARC-145 cell line.
Cell culture medium, lavage fluid, and tissue suspension fluid Nutrient medium for cultures of MARC-145 cells was Eagle's minimal essential medium b (EMEM) supplemented with 10% fetal calf serum (FCS) and gentamicin sulfate (0.05 mg/ ml). Nutrient medium for cultures of AM was EMEM supplemented with 10% FCS, gentamicin sulfate (0.5 mg/ml), penicillin (25 units/ml), streptomycin (25 µg/ml), neomycin sulfate (25 µg/ml), bacitracin sulfate (0.25 units/ml), and amphotericin B (25 µg/ml). The same medium as used for cultures of AM, but without serum, was used as lung lavage fluid, as fluid to resuspend and lyse (by freezing and thawing) AM, and as fluid to prepare 10% triturated suspensions of additional tissues collected in experiment 3.
Virus
Three strains of PRRSV, VR-2332, a Hesse, a and NADC-9, were used in this study. Strain VR-2332 was known to have the potential to cause both reproductive 4 and respiratory 5 disease in susceptible pigs. Strain Hesse was believed to be highly virulent based on the clinical history associated with the herd from which it had been isolated (L. Frey, personal communication) . Strain NADC-9 was not tested for virulence before it was administered to pigs of experiment 3 in this study. It had been isolated from clinically normal pigs that were obtained from a commercial swine herd for use in an unrelated experiment.
Collecting AM Alveolar macrophages were collected by pulmonary lavage as follows. Pigs were anesthetized and exsanguinated. The trachea was severed just behind the larynx, and the lungs were usually removed from the thoracic cavity. Lavage fluid (as described previously) was drawn into a plastic pipette of appropriate size with the aid of a pipetting device, c and the tip of the pipette was inserted into the open (severed) end of the trachea until a seal was formed between the wall of the trachea and the cone-shaped tip of the pipette (Fig. 1) . The size of the pipette was selected according to the size of the pig, i.e., diameter of the trachea, and ranged from 5 ml for neonatal pigs to 50 ml for pigs that were several months old. In the few instances when the diameter of the trachea exceeded that of a 50-ml pipette, the tip of a 25-ml pipette was inserted into the severed end of a major bronchus. The seal formed by maintaining slight upward pressure on the trachea (or bronchus) while holding it on the end of the pipette was sufficient for the lavage procedure. The volume of the lavage fluid also depended on the size of the pig, i.e., the lung capacity. Enough fluid was used to slightly distend the lungs. Usually this required slowly dispensing two pipette volumes of fluid into the lungs. With the pipette inserted into the trachea, the fluid was gently aspirated and dispensed three times and then a pipette full of fluid with suspended cells was collected. The lavage and collection were repeated twice more by replacing, each time, a slightly greater volume of fluid than had been collected in the preceding lavage. Very little pressure was needed to dispense fluid into the lung and very little vacuum was needed to aspirate fluid as long as the lung was slightly distended with fluid at the beginning of the aspiration. The three collections were pooled. The subsequent preparation of lysates and cultures of AM was usually started immediately and always within a few hours after the lavage was completed.
Preparing and testing lysates of AM
For experiments 1 and 2, a 5-ml aliquot of lavage fluid and suspended cells was frozen and thawed once, and 0.2 ml of each lysate was tested for infectious PRRSV. For experiment 3, a 3-ml aliquot of lavage fluid and suspended cells were centrifuged at 600 x g for 10 min. The supernatant fluid was aspirated and the sedimented cells were resuspended in 1 ml of fresh lavage fluid. The resuspended cells were frozen and thawed once and 0.2 ml of each lysate was tested for infectious PRRSV.
Preparing and testing cultures of AM Lavage fluid as collected directly from the lungs, i.e., without any additional treatment, was dispensed into plastic petri dishes; 5 ml/60 mm dish for experiments 1 and 2 and 3 ml/ 35 mm dish for experiment 3. After 1 hr of incubation at 37 C (in a humid atmosphere containing 5% CO 2 ), most of the unattached cells and debris were removed by aspiration and 2 subsequent rinses with fresh lavage fluid. Some of the cultures were fixed immediately in 70% acetone (identified hereinafter as 1-hr cultures). These cultures were stained for FA and then examined for intracellular antigens of PRRSV. The remaining cultures were incubated at 37 C in a humid atmosphere of 5% CO 2 after adding nutrient medium (3 ml and 5 ml for 35-mm and 60-mm petri dishes, respectively). For most of the pigs of litters 1, 2, and 3 of experiment 1, a single AM culture was prepared in a 60-mm petri dish that contained a 10-x 35-mm glass coverslip. The coverslip was removed after 20 hr of culture incubation and examined by FA. Cells attached to the remaining area of the petri dish were examined daily for cytopathic changes, and after 72 hr of incubation, medium was collected from some of the cultures and tested in MARC-145 cells for infectious virus. For pigs of litters 4 and 5 of experiment 1 and for all pigs of experiments 2 and 3, replicate cultures of AM were prepared for each pig and examined at intervals for 1 or more, usually all, of the following: infectious virus, viral antigen, and virusinduced cytopathic changes. To compare the extent of PRRSV infection among AM cultures that were stained for FA and to provide a measurement of the spread of infection within a culture, either the mean number of infected cells per microscopic field was determined by counting the number of fluorescent cells in 10 microscopic fields (magnification = 312.5) and dividing that number by 10 (experiments 1 and 2) or the extent of infection was estimated (experiment 3).
Preparing 10% tissue suspensions A 10% triturated suspension of each solid tissue tested for experiment 3 was prepared by grinding 0.5 g of tissue in 4.5 ml of medium with the aid of a mortar (containing a small amount of sterile sand) and pestle. The triturated suspension was centrifuged at 600 x g for 10 min, and the supernatant fluid was used to test for infectious PRRSV.
Test for intracellular antigens of PRRSV Intracellular antigens of PRRSV were detected by FA. For pigs of litters 1, 2, and 3 of experiment 1, the AM cultures examined by FA were on 10-x 35-mm coverslips. For all other pigs, the AM cultures examined by FA were in either 35-or 60-mm plastic petri dishes. Cells in question were always examined by indirect FA (IFA) with both positive and negative primary sera and sometimes also by direct FA. Figure 1 . Porcine alveolar macrophages were collected from lungs through an essentially closed system by dispensing and aspirating lavage fluid with a pipette of appropriate size snugly inserted into the trachea (or a major bronchus). For convenience, pipetting was accomplished with the aid of a pipetting device. However, the collection can be accomplished almost as easily with a syringe and a coneshaped attachment for insertion into the trachea or bronchus (inset). The attachments illustrated here were easily prepared in a machine shop from a block of plastic, The hole drilled through the center of the attachment is of a diameter to allow the attachment to fit snugly over the tip of the syringe.
The primary positive reagent for IFA was porcine serum with a titer to PRRSV (by IFA) of 4,096. This reagent was used routinely at a dilution of 1:10 to detect viral antigens. The primary negative reagent for IFA (i.e., the negative control) was porcine serum without antibody for PRRSV. It also was used routinely at a dilution of 1:10. The secondary reagent (conjugate) used for IFA was goat anti-porcine immunoglobulin labeled with fluorescein isothiocyanate and digested with papain. The conjugate used for direct FA was either porcine antiserum or monoclonal antibody for PRRSV labeled with fluorescein isothiocyanate. Cultures tested for the presence of PRRSV antigens were always examined in duplicate with IFA by reacting different areas of the same culture with positive and negative primary sera. Cultures, especially AM cultures, were often examined in triplicate by direct FA by reacting another area of the same culture. For cultures in petri dishes, replicate testing was accomplished by outlining either 2 or 3 small (5 mm diameter) circular areas on the external surface of the bottom of the dish and then adding 50 µl of the appropriate reagents to the cells within these circumscribed areas. The intensity of staining with the dilutions selected for the study was always greater for IFA, otherwise results were the same, i.e., PRRSV antigens were detected by both IFA and direct FA or they were not detected by either. As a consequence, the results are reported as to whether viral antigen was or was not detected, without additional indication as to whether only IFA or both IFA and direct FA were used for the testing procedure.
Test for infectious PRRSV
Infectious PRRSV was identified by adding 0.05 ml (serum) or 0.2 ml (all other samples) of an aliquot of the sample in question to the nutrient medium (1 ml) of a confluent monolayer (2 cm 2 ) of MARC-145 cells. Nutrient medium containing the inoculum was removed the following day, and fresh medium was added. Cultures were examined daily for at least 7 days for the characteristic cytopathic changes induced by infection with PRRSV. Irrespective of whether cytopathic changes were detected, one additional passage was made on day 4 by collecting 0.2 ml of nutrient medium from the culture exposed to the sample inoculum and adding it to the nutrient medium of an additional culture of MARC-145 cells. In the absence of cytopathic changes in these cultures, the sample was determined to be free of virus. Very rarely, cytopathic effects of PRRSV were observed only in the second culture; however, the changes in the first culture were sometimes atypical because of the toxic effects of the sample, especially some sera. Periodically, the correlation between cytopathic changes and the presence of PRRSV was confirmed by examining selected cultures by FA for intracellular PRRSV antigens.
Test for antibody to PRRSV Sera were tested by IFA for antibody to PRRSV by standard methods, except that cell cultures (MARC-145 cells) were propagated, infected, and tested in microwell plates. 12 The conjugate was the same as used with known antiserum for detection of intracellular antigens of PRRSV. Antibodies detected by IFA are referred to as IFA antibodies. Sera were tested for IFA antibodies in 4-fold dilutions, beginning with an initial dilution of 1:4. Some of the sera also were tested for virus neutralizing (VN) antibodies by a method previously described, 11 except that the virus-serum mixture was added to cultures (MARC-145 cells) after they had reached confluency. Sera were tested for VN antibodies in 2-fold dilutions, beginning with an initial dilution of 1:2.
Results
Experiment 1. Intracellular antigens of PRRSV were detected by FA in all of the cultures of AM prepared from liveborn pigs of litters 1, 2, and 3 (Table 1) . After 20 hours of incubation in vitro, the mean number of infected (fluorescent) cells per microscopic field ranged from < 1 to > 50. On average, the number was greater for AM cultures prepared from 5-day-old pigs (litters 1, 3) than it was for AM cultures prepared from 2-dayold pigs (litter 2). Most of the infected cells appeared to be macrophages (Fig. 2) . Cytopathic changes in the remainder of each culture, i.e., the area of the 60-mm petri dish that had not been occupied by the 10-x 35mm coverslip that was fixed at 20 hours, were progressive and essentially complete, depending on the particular culture, by day 2-5 of incubation in vitro. Epithelium-like cells that had been a minor component of each culture at day 1 became predominant, and by day 5 they covered as much as 60% of the cell growth area. Only rarely was viral antigen detected in cells without typical AM morphology.
Eleven of the 13 pigs of litters 1 and 3 were viremic at birth (day 0). The 2 exceptions, as well as all of the other remaining live pigs of these litters, were viremic at day 5 when blood samples were collected for a second time. All of the pigs of litter 2 were viremic at day 2 when blood samples were collected for the first time. Indirect FA antibody was detected in the sera (presuckling) of 4 pigs of litter 1 and 2 pigs of litter 3 on day 0 and in the sera of all but 1 of the live pigs of these litters on day 5. The single exception was serum of pig 1-8, for which a high background of nonspecific fluorescence precluded a satisfactory reading. Titers ranged from 16 to 256, depending on the pig and the time of the blood sample. Indirect FA antibody was detected in the sera of all pigs of litter 2 on day 2. Titers were either 64 (1 pig) or 256 (6 pigs).
PRRSV-infected cells were identified in most of the cultures of AM prepared from pigs of litters 4 and 5 ( Table 2 ). The exceptions were 1) both pigs euthanized on day 0, from which too few AM were recovered to Table 1 . Experiment 1. Identification of porcine reproductive and respiratory syndrome virus (PRRSV) in alveolar macrophages and serum of congenitally and postnatally infected pigs euthanized at 2 or 5 days of age. provide satisfactory cultures; 2) both pigs euthanized on day 105; and 3) 1 pig (5-2) euthanized on day 2. Although intracellular antigens were not detected in AM cultures prepared from pig 5-2, infectious PRRSV was detected in nutrient medium collected from 1 of these cultures that had been incubated in vitro for 72 hours. In addition, AM cultures prepared from pig 5-1, which died an estimated several hours prior to necropsy and pulmonary lavage, were unsatisfactory for examination by FA. Very few cells were attached to the culture vessel at 1 hr and even fewer were still attached at 24 hr. Detection of virus in both culture medium and the corresponding AM lysate confirmed the presence of infectious PRRSV in the AM of this For most AM cultures prepared from pigs of litters 4 and 5, the extent of infection increased markedly between 1 and 24-48 hours of in vitro incubation (Table 2). The spread of infection within cultures was evident by FA, i.e., by the number of cells containing (Table 1 ). The AM were cultured for 20 hours in vitro before they were fixed for subsequent examination by immunofluorescence microscopy (FA). A focus of infected (FA-positive) AM and noninfected AM are illustrated. PRRSV antigens, and by the extent of virus-induced cytopathology. After 48-72 hours of incubation, most of the susceptible cells had been destroyed and were no longer attached to the culture vessel. As a consequence very few infected cells were identified by FA in cultures that had been incubated for several days. Cultures prepared from pigs 4-1 and 4-4, which were necropsied at 14 days of age, were exceptions in that there was no appreciable increase in the number of infected cells during 3 days of incubation. Moreover, when a replicate 48-hour culture of AM of pig 4-1 was exposed to a high concentration of PRRSV (multiplicity of infection = 10) and examined by FA 24 hours later there also was no appreciable increase in the number of infected cells, i.e., the mean number per microscopic field (3.2) was about the same as that (2.7) identified in a culture that had not been exposed to additional PRRSV ( Table 2) .
Eight of the 12 pigs of litter 4 and 2 of the 5 pigs of litter 5 were viremic at birth. Three pigs (4-8, 4-10, 5-4), all of which were viremic, also had serum IFA antibody in their presuckling sera. Titers were either 16 (pig 4-10) or 1,024 (pigs 4-8, 5-4). For the 3 pigs of litter 4 that were tested at 7-day intervals from day 0 through day 105 (pigs 4-5, 4-7, 4-11), the viremia persisted until they were at least 42 days (4-7, 4-11) and 56 days (4-5) old (Table 3) , even though they all had large amounts of circulating antibody for PRRSV by the time they were 14 days old. Titers of IFA antibody reached their maximum within the first few weeks of the observation interval and then decreased later. Serum VN antibody titers were first detected on days 56 (pig 4-11), 63 (pig 4-5), and 105 (pig 4-7). These titers also fluctuated from week to week, but their magnitude generally increased with time ( Table  3) .
All of the live pigs of litters 4 and 5 appeared weak and listless, and many may have died as a result of infection with PRRSV or of natural causes had they not been euthanized early in their postnatal life. Of the 5 pigs that were still alive at day 14, pigs 4-5, 4-7, and 4-11 appeared least affected and they eventually appeared clinically normal. However, they remained smaller than normal for their age. The body weights of pigs 4-5 and 4-7 when they were 105 days old were 31.8 kg and 20.5 kg, respectively. Pig 4-11 was not weighed at the same time, but on the basis of comparative size it was judged to have weighed about the same as pig 4-5. Experiment 2. Intracellular antigens of PRRSV were detected by FA in most of the AM cultures prepared from pigs exposed to PRRSV by either oronasal inoculation or contact. The exceptions were pigs 6 and 10, exposed by contact and euthanized on days 2 and 49, respectively, and pig 5, exposed by oronasal in-oculation and euthanized on day 49 (Table 4) . Other tests revealed, however, that these pigs were infected at the time they were euthanized, i.e., pig 6 was viremic on day 2 and infectious PRRSV was detected in the nutrient medium of 72-hour AM cultures prepared from pigs 5 and 10. In general, the spread of infection in AM cultures was like that for cultures prepared from younger pigs of litters 4 and 5 of experiment 1 in that the number of infected cells increased with time, usually reaching maximum after 24-48 hours of incubation. However, the number of fluorescent cells per microscopic field never reached or exceeded 50 as was common with younger pigs, especially those euthanized when they were 5 days old (Tables 1, 2). Moreover infection appeared to spread more slowly in these cultures than it did in those prepared from younger pigs, and even after several days of incubation the majority of cells were free of PRRSV antigens. The PRRSV-induced cytopathic effects were scattered and difficult to recognize unequivocally without first reacting the culture in question by FA.
All of the pigs became viremic regardless of whether they had been exposed by oronasal inoculation or by contact (Table 5 ). However, all remained clinically normal throughout the experiment. Although PRRSV was not detected in the serum of 1 pig (pig 7) on day 2, it was detected in the serum of this pig on day 6. Viremia was not detected for pig 5 after day 21 or for pig 10 after day 28, even though both of these pigs were still infected when they were euthanized on day 49 (Table 4 ). Serum IFA antibody was not detected for any of the pigs on day 0 or for any of the remaining pigs (i.e., those that had not already been killed during the course of the experiment) on days 2 or 6. Conversely, IFA antibodies were detected in the sera of all remaining pigs from which blood samples were col- lected on day 13 (titers ranged from 64 to 4,096) and at 7-day intervals thereafter (Fig. 3) .
Experiment 3. Infection was confirmed for all of the 21 pigs exposed oronasally to PRRSV. Most (19/ 21) were viremic at 1 or more of the times they were tested ( Table 6 ). The exceptions (pig 12, euthanized on day 14, and pig 18, euthanized on day 3) were shown to be infected by isolating PRRSV from cultures and lysates of AM collected at necropsy (Table 7) . Virus also was isolated from the tonsils of pig 18. The numbers of pigs that were found to be viremic at each of the times selected for testing were 0 of 21 at day 0 (before exposure), 12 of 21 at day 3, 15 of 18 at day 7, 9 of 15 at day 14, 2 of 12 at day 22, 1 of 9 at day 28, 0 of 9 at day 35, 0 of 6 at days 42 and 49, and 0 of 3 at day 70. All of the pigs remained clinically normal during the interval between the time they were exposed to PRRSV and the time they were euthanized for collection of tissues.
All pigs were free of IFA antibody for PRRSV on day 0 and, with 1 exception (pig 21, titer = 4), all were free of antibody for PRRSV on day 7. Conversely, all of the 15 pigs that were still alive on day 14 had serum IFA antibody for PRRSV. Titers ranged from 64 to 4,096 at day 14 and from 1,024 to 4,096 at day 22. In general, there was little change in antibody titers of sera collected at subsequent times ( Table 6) .
The presence of PRRSV in tissues collected at necropsy was demonstrated most often by testing medium from 72-hour cultures of AM. By this method, 18 of the 21 pigs that had been oronasally exposed to PRRSV were shown to be still infected at the time they were necropsied. The only exceptions were pigs 15, 16, and 24, which were euthanized on days 49, 70, and 70, respectively ( Table 7 ). The next best procedure for detecting PRRSV was testing lysates of AM. By this method, PRRSV was isolated from 13 of 21 pigs, but never after day 35. Virus was less often isolated from a number of other tissues collected at necropsy, e.g., from the serum, tonsils, and lungs of only 7, 7, and 5, respectively, of the 21 pigs. For 1 pig (pig 22, euthanized on day 35), however, PRRSV was isolated from the lung but not from the corresponding AM lysate. Virus was isolated only once from various muscles that were tested, i.e., from intercostal muscle and muscles associated with the shoulder, ham, and loin. Virus was never isolated from 14 of the tissues that were tested (see Table 7 , footnotes).
The presence of PRRSV in AM cultures also was detected by FA examination of cultures at various times after they were prepared. By this method, 17 of the 21 pigs were shown to be infected (Table 8) . Unlike the finding with neonatal pigs (experiment 1, Table 2 ), we never unquestionably identified infected AM at 1 hour, but in most cultures PRRSV infection spread progressively with time, and eventually a large proportion of the AM became infected and intracellular viral antigens were evident by FA examination. In general, the rate of spread and the eventual extent of infection in AM cultures prepared from pigs in this experiment were greater than they were in AM cultures prepared from pigs of similar ages in experiment 2. There were, however, the following notable exceptions. Infection was detected by 24 hours of incubation in an AM culture prepared from pig 3, but it was either not detected (48 hours) or did not involve appreciably more cells (72 and 96 hours) in replicate cultures examined after longer intervals of incubation. Infection was detected only after 96 hours of incubation of AM cultures prepared from pig 7, and in this case only 1 focus of infected AM and a few solitary infected AM were detected. Infection was not detected until 72 hours of incubation of AM cultures prepared from pig 23, and fewer infected AM were detected in a replicated culture examined at 96 hours than had been detected in the culture examined at 72 hours. With only 1 exception (pig 8), the results of direct examination of AM cultures by FA were consistent with virus isolation from the same or replicate cultures.
Discussion
The collective results of the several experiments described here indicate that the most suitable tissue samples and test procedures for the etiologic diagnosis of PRRS depend on several variables, including the age of the pig from which tissues are collected, the stage of infection (acute or persistent), the available complement of diagnostic reagents, and the urgency in obtaining results.
If the clinical problem involves neonatal pigs infected either congenitally or shortly after birth and if PRRSV-susceptible cell cultures are available, then serum collected from such pigs is an excellent sample from which to isolate PRRSV. There appears to be no urgency in collecting the samples from pigs before they suckle. Antibodies with VN activity are slow to develop 16 (Table 3) , and even if present in colostrum they may actually enhance rather then inhibit virus infectivity through Fc receptor-mediated attachment of virus-antibody complexes to susceptible AM. 2,3 In fact, it is probably better to collect serum from pigs that are several days old so that even pigs that escaped congenital infection will likely be viremic as a result of contact with infected littermates. This situation was exemplified with pigs of litters 4 and 5 (Table 2 ). If susceptible cell cultures are not available or if a more rapid diagnosis is of importance, then AM can be flushed from the lungs of infected pigs and examined directly by FA. The only clear limitation in this case is that the pigs must be several days old so that an adequate number of AM can be collected to provide a meaningful test. Our results (Table 2) indicate that when AM are collected from neonatal pigs the test can be performed with a high degree of reliability as soon as the AM have attached to the culture surface. However, we emphasize that at 1 hour the largest mean number of FA-positive AM detected for any of the pigs of litters 4 and 5 was about 10 AM/microscopic field (pigs 5-3 and 4-6), i.e., no more than about 1% of the total AM in the corresponding field of view. Thus, even in neonatal pigs perhaps only a small fraction of the AM are infected at any point in time. However, most of the AM that are at a stage of infection sufficiently advanced to be FA-positive may fail to adhere to the culture surface. The detection of IFA antibody in presuckling sera also is of diagnostic importance, and like direct examination of AM, the IFA test can be completed within a few hours.
If only older pigs are candidates for testing, e.g., if the problem is limited to respiratory illness of nursery-age pigs, then samples other than sera appear to be more suitable for diagnostic purposes. For older pigs, the greatest diagnostic success was achieved by examination of AM (Tables 4, 7) . Although persistent infection was identified most often by testing AM culture medium for infectious virus, the examination of AM lysates for infectious virus and the examination of AM cultures by FA for viral antigens also were useful and provided a higher success rate than did the examination of other tissues, including serum and lungs. In evaluating the results of the experiments 2 and 3, keep in mind that none of the pigs had any clinical signs that could be directly associated with PRRSV infection. Therefore, had either the pigs been more susceptible or the strains of virus been more virulent, the success rate for isolating virus from tissues other than AM might have been greater. However, we suspect that under any conditions AM would be at least equal to, and often better than, any other tissue as a sample from which to isolate PRRSV.
The method we used for preparing cultures of AM is straightforward in that lavage fluid with suspended cells was added directly to the culture vessel. By not counting cells and making a corresponding adjustment in cell number per unit volume, there were surely instances when the number of AM added to the culture vessel far exceeded the available space for attachment. However, this loss of cells was not deemed important in that even with neonatal pigs the volume of fluid was always sufficient to prepare the number of cultures needed for diagnostic purposes. The opposite problem of too few cells to provide a reliable test was encountered in 2 instances, i.e., when cells were collected from pigs euthanized at 0 days of age (pigs 4-3, 5-4; Table  2 ) and when cells were collected from a pig that was judged to have died several hours before the collection procedure was performed (pig 5-1, Table 2 ). This information and the finding of generally more FA-positive AM in cultures of cells collected from pigs that were 5-11 days of age (Tables 2, 3) suggest that when infection involves neonatal pigs the best donors are pigs euthanized between 5 and about 10 days of age and from which cells are collected immediately after death.
Based on the frequent isolation of PRRSV from AM in experiment 3, we would have anticipated a higher rate of virus isolation from lungs of the same pigs. We assume that this apparent discrepancy can be explained by the relative numbers of AM tested by the different methods and, in the case of AM cultures, by the amplification of virus by replication in vitro. In addition, much more lung area was represented by lysates and cultures than by the 10% lung suspension. This wider representation may be especially important late in infection when there are probably only a few remaining foci of infection. In such cases, any aliquot of a random mix of AM might still be expected to contain at least 1 infected AM.
The ease with which AM can be collected from the lung makes their use as a routine diagnostic sample a realistic option for even on-farm application. By insertion of the cone-shaped tip of a pipette into the open end of the trachea or bronchus as described here, collection can be accomplished in an essentially closed system, which minimizes contamination of the cell suspension with extraneous microorganisms and blood. Our experience thus far is that bacterial contamination is not a problem when the lavage fluid contains a high level of antibiotics. Notably, none of the cultures prepared during this study were lost due to bacterial contamination. Although for the sake of convenience we used a pipetting device to flush AM from lungs, the same procedure can be performed almost as easily with a syringe attachment that can be simply constructed in a machine shop from a block of plastic (Fig. 1) .
Cultures can be prepared in the field by seeding the AM into screw-capped flasks and then either sending the flasks to a diagnostic laboratory immediately after cell attachment or, if a 37 C incubator is available, sending medium collected from the flasks after several days of incubation. If the appropriate reagents were commercially available, e.g., a diagnostic kit with an enzyme-labeled rather than fluorescein-labeled antibody, AM cultures could be examined at intervals, as done in this study, in a modestly equipped (brightfield microscope and 37 C incubator) laboratory such as that maintained by many veterinary practitioners. If fixed PRRSV-infected cell cultures in microwell plates were either a part of or an option for the same diagnostic kit, sera could be tested for homologous antibody in much less time and at a fraction of the cost often encountered in submitting such samples to a state or federal diagnostic laboratory.
An alternative procedure for virus isolation, although not quite as reliable as culturing AM (Table 7) , is to simply send a frozen aliquot of the lavage fluid with cells (i.e., AM lysate) to the diagnostic laboratory to test for PRRSV. If the cells are concentrated by centrifugation or by allowing them to settle, the volume of an adequate sample can be reduced to much less than 1 ml. In either case there would be no need for further processing of the sample at the diagnostic laboratory except, perhaps, for removal of cell debris by low-speed centrifugation.
It remains to be determined whether most strains of PRRSV would replicate and spread in endogenous cultures of AM as well as did the strains tested in this study. For those that would, however, there appear to be several advantages, or potential advantages, of direct examination of AM for intracellular viral antigens. First, the problem in isolating some strains of PRRSV in vitro 1 might be circumvented by preparing homologous AM cultures. Unless the replicative potential for the strain in question is changed simply by the in vitro environment, the homologous AM should support virus replication, just as they had in vivo, and infected cells should be evident by FA. Second, the diagnostic procedure is simplified appreciably by circumventing the need for additional cell cultures. Even if such cultures are available to the laboratory, they require continuous maintenance, and ideally they should be ready at the time the diagnostic sample is received, an event that is often unpredictable. Third, there is the likelihood with neonatal pigs, and the possibility with older pigs, that a diagnosis can be made in much less time than that required from virus isolation. Our data relative to litters 4 and 5 (Table 2) suggest that when AM are collected from neonatal pigs a diagnosis based on FA-positive cells often can be made with cells fixed immediately after they attach to the culture vessel. As a routine procedure, we waited 1 hour before nonadherent cells were removed and the remaining cells were fixed for subsequent FA examination, but even this interval could probably be shortened if desired. However, when AM were collected from older pigs we were less sure of the FA results of 1 hour and felt more confident of our diagnosis when foci of infection were identified in cultures that had been incubated for 1 or more days. This additional incubation is especially important when only 1 or a few infected cells are initially present in the culture and the probability of including that particular cell (or cells) in the field selected for examination is low. For example, the circular (5 mm diameter) area we examined by FA was only about 2% and 0.7% of the total culture area of 35 and 60-mm petri dishes, respectively. Under any circumstances, additional incubation to allow the formation of FApositive foci of infected cells provides an increased level of diagnostic confidence.
Virus was isolated only once from a total of 72 samples of meat (muscle) collected from 18 pigs that were confirmed to be infected at the time of necropsy by the examination of other tissues (Table 7 ). Because 7 of the 18 pigs were viremic at the time of necropsy and because all of their muscles surely contained some blood despite exsanguination, we assume that the explanation for this apparent inconsistency reflects the relatively small amount of blood associated with the 10% suspension of triturated muscle that was tested for virus. Whether this presumed low level of contamination could ever be important in virus transmission depends largely on factors yet to be determined, especially the stability of PRRSV in meat and the oral dose of PRRSV needed to establish infection in pigs that might consume contaminated meat scraps.
In several respects, our lack of success in isolating PRRSV from some of the tissues collected from pigs at various times after exposure (experiment 3) appeared inconsistent with earlier reports. First, we never isolated virus from spleens of 21 experimentally infected pigs, even though all but 3 of these pigs were shown to be infected at the time of necropsy by testing AM and other tissues. Moreover, 7 of the 21 pigs were viremic at necropsy. Conversely, other researchers isolated PRRSV slightly more often from spleens (8/8) than from lungs (7/8) of 8 naturally infected nursery pigs 19 Also PRRSV 18 and PRRSV-infected cells 17, 18 have been identified in spleens of experimentally infected pigs. Second, we rarely isolated PRRSV from nasal turbinates (2/21). However, nasal swabs have been used successfully for virus isolation, 25 and lesions of the nasal mucosa have been reported. 5,18 Third, we never isolated PRRSV from portions of the central nervous system (CNS), i.e., olfactory bulb, cerebellum, and brain stem, despite the fact that clinical signs of encephalitis and CNS lesions are sometimes associated with naturally occurring cases of PRRS. 5 Although we have no definitive explanation for these differences, some of the previous studies have been selective in that samples were collected from pigs during either a known1 7,18 or presumed 19 stage of infection, when virus was most likely to be widely disseminated in tissues. For example, the distribution of virus on the seventh day postexposure in the tissues of pigs 3, 11, and 19 of experiment 3 was greater than that for pigs euthanized at any other time (Table 7) . Some other considerations are the effect of exsanguination, as routinely performed in this study, of a viremic pig on the probability of isolating virus from other tissues, the possibility that different strains of PRRSV have different cell tropisms, and the possibility that some clinical signs and lesions reported previously may not be due to the direct effects of PRRSV. Moreover, although it has been proposed that PRRSV may make infected pigs more susceptible to other infectious agents, 7,19 it is also possible that the reverse is sometimes true.
The frequent detection of PRRSV in tonsils collected from pigs of experiment 3 at ≤ 14 days postexposure may explain why, during a previous study, 13 virus was often isolated from oropharyngeal swabs collected from pregnant gilts within the first few weeks postexposure. Likewise, the isolation of PRRSV from both ileum and large intestine on the seventh day postexposure (Table  7) provides a possible explanation for the source of virus detected in fecal swabs. 25 The temporal pattern of the humoral immune response of pigs to PRRSV in experiments 1, 2, and 3 (Tables 3, 5, 6) was similar to that in several previous studies. 6, 16, 24 Antibodies detected by IFA were always present by 14 days postexposure and then persisted throughout the remainder of the observation interval. For those pigs tested periodically over the longest interval, i.e., until they were 105 days of age, titers decreased as much as 16-fold from their early maximum, but they were still appreciable (≥ 64) at that time (Table  3) . Also in keeping with an earlier report, 6 antibodies with VN activity in vitro were relatively slow to appear and were not detected until day 105 for 1 of the pigs. Until recently, it was assumed that the lack of early VN activity was simply characteristic of the pig's immune response to PRRSV. A more recent study has indicated, however, that the in vitro detection of VN antibody for PRRSV often requires the presence of fresh pig serum. 26 If so it follows that the results of previous testing without the addition of fresh serum are now suspect in regard to the question of whether such antibodies are actually present. A question also remains as to what role VN antibodies have in regard to protective immunity in that under any conditions neutralization may only be expressed in vitro. 3
